INTRODUCTION
============

Children restricted to bed/wheelchair or simple subjected to limited activity due to neurological disorders usually suffer from impairments in motor tasks. Cerebral palsy (CP), a heterogeneous clinical condition resulting from a lesion in developing central nervous system (CNS), is considered the most common cause of functional disability in childhood ([@b13-jer-14-3-489], [@b19-jer-14-3-489]). Although the primary lesion involved in the CP's brain pathology is static, it is proposed that motor performance could be declined with time, due difficulties to perform voluntary movement imposed by spasticity and impaired motor control ([@b16-jer-14-3-489]).

There are several animal models, mainly focused in maternal infections or perinatal asphyxia and hypoxic-ischemic injuries, trying to reproduce the developmental and motor phenotype reminiscent of human CP condition. Although most models reported deficts on motor performance, they were, however, not similar of those observed in human and, with time, pups were able to compensate functional limitations ([@b3-jer-14-3-489]; [@b33-jer-14-3-489]; [@b38-jer-14-3-489]). A motor phenotype close to those described in CP patients were more consistently replicated in rats by sensorimotor restriction (SR) during the early postnatal stage ([@b7-jer-14-3-489]; [@b37-jer-14-3-489]). Those studies suggested that voluntary movement is crucial to the development of posture and locomotion during the maturation of the central and peripheral nervous system. Animal models of SR usually try to mimic the immobility imposed by spasticity and has been already shown to be a valuable model to understand underlying mechanisms of neural adaptations occurred in response to immobility. A series of studies using the SR procedure showed that SR impact proprioceptive feedback from the hind limbs during development and affects cortical structural and functional organization ([@b7-jer-14-3-489]; [@b11-jer-14-3-489]; [@b27-jer-14-3-489]; [@b38-jer-14-3-489]). Although central effects of disuse are evident, the functional impairment in motor tasks could be resulted by the combination of both central and peripheral factors. In fact, it has been previously proposed that the locomotor abnormalities of CP may not be merely derived from cerebral dysfunction, but also partially due disruption of the spinal cord networks ([@b9-jer-14-3-489]).

It is well established that during early postnatal period the rat spinal cord undergoes a continuous maturation ([@b41-jer-14-3-489]). Actuality, this is a critical period for the development of postural responses in the hind limbs ([@b4-jer-14-3-489]). Through this period, voluntary movement and proprioceptive feedbacks seems essential to motoneuronal development ([@b21-jer-14-3-489]), posture and locomotion in the rat ([@b43-jer-14-3-489]). In fact, recent experiments showed that a period of SR inhibited the growth-related increase in soma size of motoneurons in the ventral horn of the spinal cord ([@b36-jer-14-3-489]) and induced atypical refinement of the sensorimotor circuitry ([@b10-jer-14-3-489]).

Based in our recent finding indicating that there is a critical period of activity-dependent plasticity in the developing CNS and that morphological aspects of motoneurons could be changed by disuse, the aim of the present study is investigate whether diminished sensorimotor stimulation, induced by SR, affects spinal cord plasticity and development by analyzing the expression of synaptophysin, an intrinsic synaptic vesicle membrane protein related to the activity-dependent synapse formation, and caspase-3, an pro-apoptotic molecules involved in programed cell death (PCD) during development, in the ventral horn of lumbar segments of spinal cord.

Additionally, since treatment of CP patients usually starts soon after diagnosis in order to potentialize motor skills and muscle strength gains ([@b8-jer-14-3-489]) and that treadmill training have been successfully used to prevent motor and morphological alterations on neuromuscular system after SR ([@b37-jer-14-3-489]), the effects of treadmill training will be also assessed aiming to obtain new insights into the clinical approach on pathological conditions comprising developmental disuse.

MATERIALS AND METHODS
=====================

All experiments and animal use have been carried out in accordance with the guidelines laid down by National Institutes of Health Guide for the Care and Use of Laboratory Animals ([@b28-jer-14-3-489]) and followed the recommendations of the Brazilian Society for Neuroscience, Committee of the School of Veterinary Surgery, University of Buenos Aires and the International Brain Research Organization. Animals were housed in standard boxes, with controlled temperature and humidity, under a light/dark cycle of 12 hr, with food and water available *ad libitum*. Approval from the ethical committee of Federal University of Rio Grande do Sul (2006631) was obtained for procedures conducted in this research. All efforts were done to minimize animal suffering as well as to reduce the number of animals.

Experimental animals
--------------------

After birth, 10 male Wistar pups were randomly divided into four experimental groups (n=5): (a) Control rats not exposed to any experimental procedure (CT); (b) rats subjected to transient hind limb immobilization from P2 to P28 for 16 hr/day (SR); (c) animals not exposed to SR procedure that underwent locomotor stimulation training consisted by walking on a treadmill, with low speed, for 3 weeks from P31 to P52 (TrCT); and (d) animals subjected to SR and exposed to locomotor stimulation training (TrSR). For details of SR and locomotor stimulation protocols see [@b27-jer-14-3-489].

Immunoistochemical procedure
----------------------------

After treadmill training animals were deeply anesthetized and transcardially perfused with saline solution followed by a solution containing 4% paraformaldehyde (Reagen, Colombo, Brazil) diluted in 0.1 M phosphate buffer (PB; pH, 7.4) at room temperature. L4--5 segments of spinal cord were removed and postfixed in a solution containing 4% paraformaldehyde in 0.1 M PB for 4 hr and then cryoprotected in a 15% and 30% sucrose solution (Synth, Diadema, Brazil) at 4°C until they sank. After cryoprotection segments were quickly frozen in isopentane (Merck, Darmstadt, Germany) cooled in liquid nitrogen and kept in a freezer (−70°C) for further analyses. Transversal sections (40 μm) were cut using a cryostat (Wetzlar, Leica, Germany) at −20°C and collected in a PB saline (PBS), pH 7.4. The free-floating sections were washed in PBS, pretreated with 3% hydrogen peroxide for 30 min, washed again in PBS and after in PBS containing 0.4% Triton X-100 (PBS-Tx) for 15 min, treated with 2% bovine serum albumin (In lab, São Luís, Brazil) in PBS-Tx for 30 min an incubated with the primary antibody Monoclonal Anti-Synaptophysin or Caspase-3 (Sigma Chemical Co., St. Louis, MO, USA) diluted 1:200 in PBS-Tx for 48 hr at 4°C. The sections were again washed in PBS-Tx and incubated in the secondary antibody Anti-Mouse IgG-Peroxidase (Sigma Chemical Co.) diluted 1:500 for 2 hr at room temperature. The reaction was revealed in a medium containing 0.06% 3,3-diaminobenzidine (DAB, Sigma Chemical Co.) dissolved in PBS for 10 min and after in 0.06% DAB with en 2 μL of 3% hydrogen peroxide for 10 min. The sections were washed in PBS, dehydrated in ethanol, cleared with xylene and covered with Entellan (Merck, Darmstadt, Germany) and coverslips. Control sections were prepared omitting the primary antibody by replacing it with PBS.

Optical densitometry
--------------------

To measure the intensity of the synaptophysin and caspase-3 immunoreaction it was used a semiquantitative densitometric analysis. Digitalized images of the ventral horn of the spinal cords were obtained and converted to an 8-bit gray scale (0--255 gray levels) for further analysis. Picture elements (pixels) employed to measure optical density were obtained from tree areas of interest (AOI) measuring 3,775 μm^2^ each overlaid on the gray scale image. All of the lighting conditions and magnifications were held constant. Both the left and right dorsal horn of spinal cord were used. For each animal, 30 measures were taken and the results shown were the total mean value from the three studied AOIs. Background staining subtraction and correction were done in accordance with our previous published protocol to calculate the optical density ([@b45-jer-14-3-489]).

Neonatal developmental tests
----------------------------

Briefly, after birth, daily evaluation of neonatal developmental milestones was by performed a blinded observer. Neonatal developmental milestones consisted in: (a) surface righting, (b) negative geotaxis, (c) cliff aversion, (d) forelimb grasp, (e) hind limb placing, and (f) open field activity. Each developmental test response was considered positive based on its first appearance. All measurements were time-limited to a maximum of 30-sec period. For details of evaluation protocol see [@b33-jer-14-3-489].

Statistical analysis
--------------------

The data for each neonatal developmental tests were analyzed using unpaired Mann--Whitney statistics. Synaptophysin and caspase-3 expressionresults were analyzed using two-way analysis of variance with restriction and treadmill training as the independent variables followed by *post hoc* Duncan test. Data were expressed as means±standard error of the mean. Probability values less than 5% were considered significant. Statistical analysis was performed using STATISTICA ver. 12.0 (StatSoft, Tusla, OK, USA).

RESULTS
=======

Optical densitometry
--------------------

As observed in [Fig. 1](#f1-jer-14-3-489){ref-type="fig"}, the optical densitometry analysis of the lumbar segment showed that the synaptophysin immunoreactivity (synaptophysin-ir) was lower in the ventral horn of from the SR group (0.182±0.002) when compared to either CT (0.193±0.002), CTTr (0,192±0.002), or SRTr groups (0.197±0.003) (*P*\<0.05). There were no differences between the CT and CTTr groups, or between the CT and SRTr groups. Interestingly, the decreased synaptophysin-ir observed in the SR group was accompanied with a increased caspase-3 immunoreactivity (caspase3-ir). Caspase3-ir was increased within the ventral horn of SR animals (0.181± 0.001) when compared to CT (0.170±0.001), CTTr (0.169± 0.001), or SRTr groups (0.174± 0.001) (*P*\<0.05). Again, no differences were observed between the CT and CTTr groups, or between the CT and SRTr groups ([Fig. 2](#f2-jer-14-3-489){ref-type="fig"}).

Neonatal developmental tests
----------------------------

As showed in [Table 1](#t1-jer-14-3-489){ref-type="table"}, sensorimotor restricted pups performed cliff aversion (*P*\<0.01), negative geotaxis (*P*\<0.01), hind limb placement (*P*\<0.01) and motor activity (*P*=0.05) latter than CT animals. No differences were observed on surface righting and forelimb grasp.

DISCUSSION
==========

The present study provides evidence for a change in the maturation and plasticity of lumbar spinal cord in a activity-dependent manner following a 26-day period of SR and locomotor stimulation in rats at early stages of development. As results, first we found that the synaptophysin expression in the ventral horn of the L4--5 lumbar segments of spinal cord was lower in SR animals comparing to all experimental groups, this results were accompanied with an increased expression of caspase-3. Second, the locomotor stimulation program was able to reverse the alterations in synaptophysin and a lower caspase-3 expression induced by SR. Also, SR induced changes in motor development. Taken together, these results suggest that motor activity is essential to the normal process of development, that includes synaptogenesis and PCD, and thus, these process could participate as substrates for the motor deficits observed in developmental disuse conditions such CP. Additionally, the present data encourage early locomotor stimulation in developmental disuse conditions considering that spinal cord plasticity alterations are reversible in response to treatment.

The rat spinal cord undergoes a substantial and continuous development in the course of pre/perinatal and early postnatal period. An initial phase of differentiation of motoneurons including fiber outgrowth and synapses formation initiates at the last week before birth ([@b1-jer-14-3-489]) and, following the next three weeks, motoneurons undergoes a rapid period of development. This period is accompanying by the establishment of mature and functional synapses of both afferent and efferent networks. Through this process, the storage and release of synaptophysin appears to be critical in regulating activity-dependent synapse formation ([@b40-jer-14-3-489]) by stimulating proliferation, migration, fiber outgrowth and the establishment of transient and/or permanent synapses ([@b2-jer-14-3-489]).

One of our results is the reduced expression of synaptophysin within the ventral horn of spinal cord in response to immobilization. In the rats' spinal cord, synaptophysin expression has been shown to start at embryonic day (ED) 12, reaching a continuous level, which is kept until birth, after ED 14. It's expression is followed by a postnatal increase reaching the adult pattern ([@b2-jer-14-3-489]). In present study we demonstrate that the synaptophysin expression could be modulated for either decreased or increased motor activity. Synaptophysin expression seems to occur in an activity-dependent manner modulated by neurotrophic factors such as brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3). At the time of nerve-muscle contact BDNF and NT-3, are expressed by embryonic muscle cells ([@b34-jer-14-3-489]) and can contribute to establishment and maturation of neuronal synapses ([@b42-jer-14-3-489]).

Not only, BDNF and NT-3 expression could be involved in changes on spinal circuitry. Further than peripheral stimulus, descending inputs that occur during practice also seems to be decisive in development of muscle afferents ([@b44-jer-14-3-489]). Following developmental disuse, remodeling within the somatosensory cortex ([@b7-jer-14-3-489]) and motor cortex ([@b38-jer-14-3-489]) occurs. Remodeling within central areas contribute to atypical projections to spinal motoneurons and consequently impair motoneuron development ([@b36-jer-14-3-489]). Corticospinal inputs to motoneurons are essential in guiding the development of spinal cord circuitry by refining afferent connectivity and modulating connection between spinal interneurons ([@b5-jer-14-3-489]). Thus, changes in synaptophysin expression could be due peripheral mechanisms, but, also have supraspinal contributions since motor areas could be affected by disuse.

Our results also demonstrated that the SR-induced decrease in synaptophysin expression was accompanied to a delay in achieving some developmental milestones and locomotion. Synaptogenesis in rats' spinal cord seems to be strictly related with the acquisition of developmental milestones such locomotion and posture ([@b23-jer-14-3-489]). The rats' hind limbs are not motile at birth ([@b14-jer-14-3-489]). This, at least in some rodents, coincide to a period that synapses are not totally established in the gray matter of spinal cord ([@b15-jer-14-3-489]). Actually, the synaptogenesis of spinal motoneurons with axons originated within the brain occurs mostly postnatally ([@b12-jer-14-3-489]) and only at the end of the first week pups become able to lift their trunk from the surface and to walk ([@b14-jer-14-3-489]). In rats, CNS axons arrive the spinal cord near postnatal day 0 (P0), reaching the lower cervical segments by P3 extending to all segments around the end of the second postnatal week ([@b35-jer-14-3-489]). Consequently, the disturbance in activity level within early postnatal period due SR procedure could be responsible to alter normal development and acquisition of a mature pattern of motor behavior.

Besides synaptogenesis, programmed cell death (PCD) during usual development has been also described in both central and peripheral nervous systems resulting in the elimination of the initial number of cells ([@b31-jer-14-3-489]). In fact, during development, apoptosis in both embryonic and postnatal motoneurons was reported ([@b26-jer-14-3-489]). Cysteine proteases, including the caspase family, are pro-apoptotic molecules that induces PCD throughout development ([@b32-jer-14-3-489]). Our study demonstrated that SR increases the expression of caspase-3 compared to on normal developmental rats within the ventral horn of the lumbar spinal cord, what could be related to motoneurons and/or interneurons death. Following nerve injury, death of developmental neurons within spinal cord seem to occur by apoptosis ([@b24-jer-14-3-489]). To our knowledge there are only few trials examining spinal cord apoptosis following non traumatic disuse such as limb immobilization or hind limb unloading. Although [@b22-jer-14-3-489] did not report any sign of apoptosis within hind limb motoneurons during 35-day hind limb suspension, their results indicated the increased expression of antiapoptotic factors. It seems that this resistance of motoneurons to a decreased motor activity is not found in neonatal rats since we found an overexpression of caspase-3 in motoneurons within ventral horn. In fact, previous studies from our laboratory showed that SR during development is able to alter motoneurons maturation ([@b36-jer-14-3-489]) inducing reduction in mean soma size. In the same way that occurred to synaptophysin expression, both central and peripheral diminished/abnormal inputs could be related to changes in caspase-3 expression. One point that should be noted is that, although this results could possibly be relate to amplified cell death, it seems that it is not permanent since locomotor stimulus could normalize this parameter.

Since neurotropic factors are involved not only in maturation and plasticity of the central and peripheral nervous system but also in neuronal survival ([@b6-jer-14-3-489]), a neurotrophic hypothesis could explain both the increased caspase-3 and decreased synaptophysin expression during SR procedure and also explain the normalization of its expression after the training. Neurotrophic factors expression occur in a activity dependent manner resulting from neural activity ([@b29-jer-14-3-489]). The reduction of synaptophysin expression was reversed after the SR rats participated in treadmill exercise. Therefore, although the locomotor stimulation used in our study is considered to be a low intensity exercise, the demand that these animals were exposed during our training protocol was sufficient to normalize their activity to levels comparable to those of CT rats. Exercise affects the expression of several neurotrophic factors ([@b18-jer-14-3-489]; [@b20-jer-14-3-489]). Also, BDNF has the ability to inhibit caspase-3 activation and subsequent apoptosis protecting against neuronal injury ([@b17-jer-14-3-489]). Adictionally, insulin-like growth factor-I, that has been previously revealed decreased in spinal cord after immobilization ([@b39-jer-14-3-489]), has been found to exert neuroprotective functions, reducing PCD of motoneurons during development ([@b25-jer-14-3-489]; [@b30-jer-14-3-489]).

To conclude, our results demonstrates that immobility disturbs the normal developmental process that spinal cord undergoes in early postnatal life. Our data extend these results and demonstrate that locomotor stimulation may also take advantage in the developmental process related to spinal cord. Considering our results here and in our previous study, an altered plasticity in spinal cord may contribute to the functional impairments of rats exposed to developmental disuse. A better knowledge of spinal cord plasticity occurred during pathological process, such those observed in children with CP and other developmental conditions that induces inactivity, will permit appropriate rehabilitation strategies aiming to promote functional gains and also to prevent disability to be settled.
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![Differential changes in synaptophysin immunoreactivity in the lumbar spinal cord of control (CT), sensorimotor-restricted (SR), trained control (TrCT), and trained sensorimotor-restricted (TrSR) rats. (A) Representative photomicrographs of of synaptophysin in ventral horn in all experimental groups (×20). (B) Two-way analysis of variance followed by Duncan test. Columns represent means±standard error of the mean. \**P*\<0.05, different from CT.](jer-14-3-489f1){#f1-jer-14-3-489}

![Differential changes in caspase-3 immunoreactivity in the lumbar spinal cord of control (CT), sensorimotor-restricted (SR), trained control (TrCT), and trained sensorimotor-restricted (TrSR) rats. (A) Representative photomicrographs of of caspase-3 in ventral horn in all experimental groups (×20). (B) Two-way analysis of variance followed by Duncan test. Columns represent means±standard error of the mean. \**P*\<0.05, different from CT.](jer-14-3-489f2){#f2-jer-14-3-489}

###### 

Day of first performance of neonatal developmental sensory-motor behaviors in control (CT), sensorimotor-restricted (SR) animals

  Behavior                                                        CT (n=7)    SR (n=8)
  --------------------------------------------------------------- ----------- ---------------------------------------------------------
  Surface righting                                                3.00±0.00   3.00±0.00
  Cliff aversion[†](#tfn3-jer-14-3-489){ref-type="table-fn"}      4.71±0.70   9.25±0.67[†](#tfn3-jer-14-3-489){ref-type="table-fn"}
  Negative geotaxis[†](#tfn3-jer-14-3-489){ref-type="table-fn"}   7.57±0.48   10.25±0.52[†](#tfn3-jer-14-3-489){ref-type="table-fn"}
  Hind limb placing[†](#tfn3-jer-14-3-489){ref-type="table-fn"}   4.42±0.61   8.25±0.75[†](#tfn3-jer-14-3-489){ref-type="table-fn"}
  Forelimb grasp                                                  3.00±0.00   3.25±0.25
  Activity[\*](#tfn2-jer-14-3-489){ref-type="table-fn"}           7.14±1.16   11.12±0.54[\*](#tfn2-jer-14-3-489){ref-type="table-fn"}

Values are presented as mean±standard error of the mean.

*P*\<0.05, significantly different from CT.

*P*≤0.01, significantly different from CT.
